We report generation of 400 J, 13.1 fs, 1425 nm optical parametric amplifier laser pulses. Spectral broadening of a 100 Hz optical parametric amplifier laser source is achieved by self-phase modulation in an argonfilled hollow-core fiber, and dispersion compensation is performed using chirped mirrors. This laser source will be useful for ultrafast time-resolved molecular orbital tomography.
Generation of intense few-optical-cycle laser pulses at 800 nm has been the key technological breakthrough for attosecond science-high-harmonic generation (HHG) [1] [2] [3] [4] and pump-probe molecular imaging [5, 6] . At the moment, using carrier-envelopephase (CEP)-stabilized 1.5 cycle Ti-Sa laser pulses and an interaction media with a large ionization potential (neon, Ip= 21 eV), pulse duration of 80 attoseconds has been generated [7] . Since the cutoff of the harmonic spectra scales with I 2 (I is the laser intensity and the laser wavelength) [8] , fewoptical-cycle IR laser pulses are required to further decrease the duration of attosecond laser pulses [9] . Such development will also be highly beneficial for molecular orbital tomography, since shorter harmonic wavelength implies better spatial resolution [10] .
For HHG, submillijoule of energy per laser pulse is required. At 800 nm, submillijoule few-optical-cycle laser pulses are commonly generated using the combination of self-phase modulation (SPM) through propagation of submillijoule multicycle pulses in a hollow-core fiber filled with a noble gas followed by dispersion compensation using chirped mirrors [11, 12] . This is the standard experimental approach for dispersion compensation of 800 nm few-opticalcycle laser pulses and used in many laboratories worldwide. In the IR, chirped mirrors have been used for dispersion compensation in Cr:forsterite oscillators [13] but never to compress broadband laser pulses resulting from nonlinear propagation in a hollow-core fiber setup. Recently, we demonstrated generation of stable broadband IR spectra using this approach, in which we used an acousto-optic programmable dispersive filter for dispersion compensation obtaining 20 fs pulse duration at 1300 nm with 10 J of energy per pulse [14] . In this Letter, we demonstrate the generation and characterization of 400 J, 13.1 fs, 1425 nm laser pulses by using IR chirped mirrors for dispersion compensation. This approach is a robust method to generate intense IR few-optical-cycle laser pulses and can be easily integrated with submillijoule femtosecond optical parametric amplifier (OPA) laser systems that are becoming widely available, and recently extended to sub-10 mJ level [15] .
In the IR spectral range, few-optical-cycle laser pulses have been generated using other approaches that are generally more complex than the one proposed in this Letter: (1) 740 J, 15.6 fs at 2.1 m using an optical parametric chirped-pulse amplifier [16] ; (2) 270 J, 17 fs at 2.1 m using pulse compression by filamentation [17] ; and (3) 1.2 mJ, 17 fs at 1.5 m using difference-frequency generation of CEP-stabilized few-optical-cycle 800 nm laser pulses followed by type II parametric amplification [18] .
The experiment was conducted at the Advanced Laser Light Source using the 100 Hz, 100 mJ, 35 fs Ti:Sa laser system (Thales Laser). Using 7 mJ of Ti:Sa, 1.2 mJ, 50 fs, 1425 nm signal laser pulses are produced using an OPA based on a seed generated by parametric superfluorescence (HE-TOPAS, Light Conversion) with pulse to pulse stability of 2%-3% rms. At the output of the OPA, the pulse energy is attenuated using the combination of an achromatic half-wave plate with Glan-Calcite polarizer. The 1425 nm laser beam is coupled into the hollow-core fiber compressor using an f = 1 m plano-convex lens. The hollow-core fiber is supported on an aluminum V-groove and attached on both ends to closed gas cells. The hollow-core fiber is evacuated and filled with argon by maintaining 1.7 Atm of pressure in both cells. At the output, the laser beam was collimated using a 1 m concave silver mirror. Typically, the optical transmission was near 40% owing to the poor spatial quality of the OPA laser beam. Figure 1 shows typical spectra after the fiber for low (30 J, dashed-dotted curve) and high (400 J, solid curve) output energies (measured with NIR256 spectrometer from Ocean Optics, Inc.). At low energy, SPM is not observed, and the OPA signal spectra are unchanged upon propagation in the hollow-core fiber. For high energy, we observed spectral broadening owing to nonlinear propagation predominantly causing SPM. Assuming Fourier transform-limited pulse duration for the broadened spectra, pulse duration at the FWHM of the intensity profile is 12.2 fs. At 1425 nm, this is equivalent, in terms of the number of cycles, to 7 fs pulse duration at 800 nm.
To first approximation, the phase accumulated by SPM is linear and positive in the time domain corresponding to a positive group-delay dispersion (GDD) in the spectral domain [11, 12] . Prism-based negative delay lines introduce significant higher-order dispersion [mainly third-order dispersion (TOD)] being thus unsuitable for few-optical-cycle pulse compression. Consequently, dispersive mirrors were designed to introduce negative GDD and small, negative TOD to compensate for the substantially quadratic chirp carried by the pulses as well as for the positive TOD of glasses eventually used in the setup. We designed and manufactured a pair of dispersive mirrors exhibiting high reflectance ͑R Ͼ 99.5% ͒ and controlled dispersion (GDD= −150 fs 2 and TOD= −15 fs 3 at 1425 nm) in the wavelength range of 1000 nm to 1700 nm. Each mirror consists of 73 layers. SiO 2 and Nb 2 O 5 were used as coating materials. The large absolute value of the GDD is a consequence of the increased multilayer thickness (as compared with similar mirrors for the 800 nm range). Decreasing the number of layers and therewith the overall thickness would result in smaller absolute GDD values at the expense of reduced bandwidth and/or lower reflectance. These design constraints can be overcome by employing materials with a higher index ratio, but the deposition of these materials does not fulfill the necessary thickness accuracy standards yet (to our knowledge). Large GDD (absolute) values per bounce are, however, not a drawback, since they result in a very compact, high-throughput compressor. Fine tuning of the GDD, if necessary, can be achieved with thin positive dispersion glass (e.g., SF10) wedges. Temporal characterization of the laser pulses was performed using a home-build second-harmonic-generation frequency-resolved optical gating (SHG-FROG) [19] . Since phase matching is extremely critical for few-optical-cycle laser pulse measurements, SHG was generated by recombining both FROG optical arms focused using a 50 cm focal length convex silver mirror inside a 10 m thickness Type I ␤-barium borate (BBO) crystal ͑ Ϸ 21°͒. Figure 2 shows, on a linear scale, an experimental (a) and a retrieved (b) SHG-FROG spectrogram for the shortest laser pulse duration we obtained. Dispersion compensation has been achieved by adding one round trip on the chirped mirrors with ϳ1.5 mm of SF10. In Fig. 3(a) , we present the intensity autocorrelation associated with the experimental SHG-FROG traces. The black curve corresponds to the shortest pulse duration, whose FWHM of the autocorrelation is 18.4 fs, corresponding to pulse duration of 13.0 fs, assuming Gaussian intensity profile. In Fig. 3(b) , we are showing the retrieved temporal profile of the laser pulses obtained using the SHG-FROG reconstruction. The fact that the obtained FWHM duration of 13.1 fs is only 1.07 times the Fourier limit (12.2 fs assuming flat spectral phase) proves the good compressibility of the SPM broadened spectra at 1425 nm. The intensity profile is asymmetric with a flat temporal phase covering the main pulse, shown as dashed-dotted curve in Fig. 3(b) . Pedestals might origin from uncompensated high-order phase. At 1425 nm, 13.1 fs is less than three optical cycles, equivalent to about 7.5 fs pulse duration at 800 nm. Moreover, we have calculated that 70% of the energy is concentrated in the central part of the laser pulse temporal intensity profile. We have determined the direction of the time axis by overcompensating the dispersion with one round trip on the chirped mirrors and added positive dispersion with SF10 windows.
For comparison with the shortest pulse, a cleaner temporal pulse shape can be obtained by reducing Fig. 1 . OPA spectra after propagation into the argon-filled hollow-core fiber as a function of output energy. Dasheddotted curve, 30 J; solid curve, broadened spectrum with 400 J corresponding to the 13.1 fs pulse of Fig. 3(b) . retrieved SHG-FROG traces for the compressed 13.1 fs laser pulse of Fig. 3(b) .
propagation nonlinearity at reduced argon pressure of 1.4 atm (gray curves in Fig. 3) . The retrieved FWHM of intensity is 14.5 fs, whereby the main pulse carries more than 86% of the total energy. This clean pulse was used to experimentally prove the chirped mirror design by measuring an SHG-FROG trace with removed chirped mirrors in the setup. In this case the retrieved spectral phase for the temporally broadened pulse exhibits mainly quadratic behavior (data not shown). From this the second-order dispersion could be determined to be about −330 fs 2 , which is in very good agreement with calculated value of −300 fs 2 for one round trip. In this Letter, we have shown that hollow-core fiber pulse compression techniques used at 800 nm can be transferred in the IR. We have generated and characterized 400 J, 13.1 fs laser pulses at 1425 nm. This is equivalent in terms of number of cycles to 7.5 fs pulse duration at 800 nm. By using a more powerful OPA input [15] and a differentially pumped fiber [12] , it should be possible to scale up the output energy. The present pulse duration is limited by the spectral broadening in the fiber owing to the relatively long pulse duration of the OPA, not by the bandwidth of the chirped mirrors. However, the compression of ultrabroadband spectra requires precise dispersion control of TOD by accordingly designed chirped mirrors. At the moment, our fewoptical-cycle IR laser pulses are not CEP stabilized. It will require using a CEP-stabilized Ti:Sa amplifier and using an OPA based on signal seed generated by white light continuum. As clearly explained by Corkum and Krausz [9] , generation of CEP-stabilized few-optical-cycle laser pulses in the IR will be highly beneficial for the generation of shorter attosecond laser pulses, to perform high temporal resolution timeresolved molecular orbital tomography combined with high spatial resolution, and for studying recollision physics using electrons with higher energy than what can be provided using Ti:Sa laser technology.
